Background and Purpose: Aerobic glycolysis is a unique feature of tumour cells that entails several advantages for cancer progression such as resistance to apoptosis.
| INTRODUCTION
Cancer cell metabolism has regained substantial attention as a potential drug target that distinguishes cancer cells from their non-malignant counterparts. Several new strategies have emerged and have provided promising new anticancer drugs (Martinez-Outschoorn, Peiris-Pages, Pestell, Sotgia, & Lisanti, 2017; Vernieri et al., 2016) . One of the most evident characteristics of cancer cells is the metabolic switch from oxidative phosphorylation (OXPHOS) to aerobic glycolysis, which was first described by the Nobel laureate Otto Warburg, hence termed the Warburg effect (Warburg, 1956) . It originates in reduced activity of the pyruvate dehydrogenase complex (PDC), which facilitates the conversion of pyruvate to acetyl-CoA and thus sustains mitochondrial OXPHOS. In a range of cancer cells, the activity of PDC is impeded by an increased pyruvate dehydrogenase kinase (PDK) activity, resulting in reduced mitochondrial activity. To compensate for the loss in ATP synthesis by mitochondrial OXPHOS, the glycolytic flux is increased, finally resulting in a much increased generation of lactate. Even though energy homeostasis is impaired by this process, the advantages for the growing cancer cell seem to outweigh this limitation. Inhibition of mitochondria-originated apoptosis, accumulation of biomass from early glucose metabolites, and creation of an acidified extracellular micro-environment are presumably supportive for tumour growth and spread (Vander Heiden, Cantley, & Thompson, 2009) .
Intensive research on the Warburg effect led to the discovery of the low MW compound dichloroacetate, which was first used to reduce plasma glucose and triglycerides in patients with diabetes and hyperlipoproteinaemia (Stacpoole, Moore, & Kornhauser, 1978) . In more recent years, it has been tested as an orphan drug to treat genetic mitochondrial diseases (Stacpoole, Kurtz, Han, & Langaee, 2008 ) such as lactate acidosis in children (Stacpoole et al., 2006) and the MELAS syndrome (Kaufmann et al., 2006) . It was not before 2007 that dichloroacetate was also shown to reverse anaerobic glycolysis in tumour cells by dephosphorylation of PDK. This effect restores PDC activity, which enables reactivation of mitochondria and eventually results in the induction of mitochondria-driven apoptosis in transformed cells (Bonnet et al., 2007; Michelakis, Webster, & Mackey, 2008) . As cell culture (Table S3 ) and animal experiments (Table S4) showed a considerable activity of this compound against a variety of tumour entities, dichloroacetate has gained wide attention in the scientific community in recent years (Kankotia & Stacpoole, 2014) . Even though clinical studies confirm an overall good safety profile of dichloroacetate in humans, peripheral neuropathy emerged as the prominent dose-limiting side effect that often required dose reduction resulting in a loss of efficacy (Kaufmann et al., 2006) . For instance, in recent phase I studies in NSCLC and glioblastoma patients, an effective dosage of 25-50 mg·kg −1 ·day −1 was defined, but severe reversible neuropathy was reported in 38-86% of patients (Dunbar et al., 2014; Garon et al., 2014; Michelakis et al., 2010) . A reduction of the dichloroacetate dose to 6.5-12.5 mg·kg −1 ·day −1 generally ameliorated the emergence of this side effect but led to a loss of tumour growth reduction (Chu et al., 2015; Garon et al., 2014; Michelakis et al., 2010) . Given these clinical results, there is a keen interest in exploring the mechanisms behind the diminished response to dichloroacetate treatment and in finding synergistic combination partners for therapy with dichloroacetate (Chu et al., 2015; Kaufmann et al., 2006; Sun, Board, & Blackburn, 2011; Zhou et al., 2015) .
In order to identify potential compounds that enhance the efficacy of dichloroacetate or other strategies aiming at the restoration of mitochondrial OXPHOS, we focused on the extracellular matrix (ECM) as it is a pivotal component of the tumour stroma by forming a supportive tumour micro-environment (Pickup, Mouw, & Weaver, 2014) . Specifically, we investigated the role of the ECM component hyaluronan (HA) as its synthesis is closely coupled to glycolysis intermediates (Moretto et al., 2015; Tammi et al., 2011; Twarock et al., 2017) and its abundance in the vicinity of cancer cells is a hallmark of tumour development, which has been shown to support tumour growth and spread, metastasis, chemotherapy resistance, and antiapoptosis (Chanmee, Ontong, & Itano, 2016; Tammi et al., 2018) . These processes are mediated by HA receptors, for example, CD44 and the receptor for hyaluronan-mediated motility (RHAMM), which trigger potent anti-apoptotic signalling pathways (Misra, Hascall, Markwald, & Ghatak, 2015) . HA is an unbranched polysaccharide that is composed of alternating disaccharide units of glucuronic acid and N-acetyl-glucosamine (GlcNAc) and is synthesized by three membrane-bound isoforms of the HA synthase family (HAS1-3; Itano et al., 1999) . Its synthesis can be inhibited by the orally available compound 4-methylumbelliferone (4-MU), which depletes the activated uridine diphosphate (UDP)-glucuronic acid precursor pool and thus interferes with HA production (Kakizaki et al., 2004) . The efficacy of 4-MU in reducing the growth of a variety of tumour cells lines is well
What is already known
• Dichloroacetate is a promising metabolic chemotherapeutic agent, but its efficacy needs further improvement.
• The hyaluronan matrix provides antiapoptotic signals via hyaluronan receptors.
What this study adds
• Dichloroacetate treatment triggers hyaluronan synthesis metabolically via Krebs cycle activation.
• 4-Methylumbelliferone inhibits hyaluronan synthesis and counteracts this process, thus synergistically enhancing the efficacy of dichloroacetate.
What is the clinical significance
• Both dichloroacetate and 4-methylumbelliferone, have been used in humans and show a favourable safety profile.
• This drug combination may represent a promising therapeutic option for tumours exhibiting the Warburg effect.
documented (Table S5 ). In animal experiments, 4-MU was shown to attenuate tumour progression of, for example, oesophageal squamous cell carcinoma (ESCC) cells (Twarock et al., 2011; Twarock et al., 2017) , hepatoma cells (Piccioni et al., 2015) , bladder cancer cells (Morera et al., 2017) , and prostate cancer cells (Lokeshwar et al., 2010) . Moreover, it reduced metastatic spread of melanoma cells (Yoshihara et al., 2005) and chemotherapy resistance of pancreatic cancer cells (Nakazawa et al., 2006) and breast cancer cells (Chen & Bourguignon, 2014; Palyi-Krekk et al., 2007) . For further references, see also Table S6 . Current research is aiming at identifying diseases and conditions in which 4-MU may present a valuable treatment option (Twarock et al., 2017) .
For discovering a potential resistance mechanism involving the tumour micro-environment, we first investigated the effects of a dichloroacetate-induced restoration of the mitochondrial activity on the anti-apoptotic HA system. Subsequently, we established a mechanism that describes how reactivation of OXPHOS triggers HA synthesis (HAS) in two different ways. As proof of concept, we show that the inhibition of this process is effective to synergistically enhance dichloroacetate actions in terms of enhanced apoptosis in 2D and 3D cell cultures in vitro and in a nude mouse tumour xenograft regression model in vivo.
Our results provide insight in the counter-regulatory processes that emerge from the restoration of mitochondrial OXPHOS and show that the combination of dichloroacetate and 4-MU may be a promising pharmacological strategy for treatment of cancer entities exhibiting the Warburg effect. Our data suggest the combination of these two orally available compounds with a good safety profile in humans should be further investigated in clinical trials.
| METHODS

| Cell culture
The human ESCC cell line KYSE-410 (DSMZ Cat# ACC-381, RRID: CVCL_1352; Braunschweig, Germany) was used to perform all experiments and was authenticated by short tandem repeat analysis. Cells were passaged in RPMI-1640 GlutaMAX medium (LifeTechnologies, Carlsbad, USA) containing 10% FBS supplemented with penicillin and streptomycin at 37°C in 5% CO 2 and 95% humidity. The number of viable cells was determined using a Countess cell counter (ThermoFisher, Waltham, USA). Cells were incubated with dichloroacetate in a concentration of 10, 20, or 40 mM as well as either 0.3-or 0.5-mM 4-MU, alone or in combination. With regard to dichloroacetate, we confirmed the doses to be used, with respect to growth inhibition ( Figure S1 ) and the induction of a metabolic shift in our model cell line by quantification of lactate (Figure 2a ) and mitochondrial ATP production ( Figure 2b ). For the experiments on the metabolic mechanism underlying elevated HAS under dichloroacetate, we chose the higher 40-mM dose as it produced a more striking metabolic phenotype (elevation of glucose 6-phosphate (G6P), acetyl-CoA, UDP-GlcNAc, and pericellular HA staining) than did the 20-mM dose.
Of note, even this strong induction of acetyl-CoA and HA in the medium was rescued by application of the ATP citrate lyase inhibitor SB-204990. For the experiments on in vitro tumour growth inhibition, we decided to use the mid-range concentration of 20-mM dichloroacetate, as this dose showed synergism with 300-μM 4-MU (Table S2 ) and we sought to explore in this study whether addition of 4-MU can reduce the dichloroacetate dose needed to achieve tumour growth inhibition. 4-MU alone only inhibited cell growth in a concentration of 300 μM (Figure 4a ). As higher doses can also impair the synthesis of other glycosaminoglycans (unpublished data), we chose this dose as the highest concentration in our study. Based on the synergism calculation on growth reduction (Table S2 ) and our previous publications (Twarock et al., 2011; Twarock et al., 2017) , we chose the 300-μM dose for further experiments.
| Animals
All animal care and experimental procedures were approved by the competent animal welfare authority (LANUV NRW) and the institu- The animals were bred and housed at the central animal housing facility of the Heinrich-Heine-University of Düsseldorf under specific pathogen-free conditions with standard housing and bedding material with four animals per cage. The mice had free access to nude mouse chow with chocolate aroma (Sniff, Soest, Germany) and water. In the groups receiving 4-MU, the drug was pelleted into the chow (see below); in the groups receiving dichloroacetate, the drug was dissolved in the drinking water. The animals were randomized to either treatment group. At the end of the experiment or if abort criteria were met (unusual behaviour as signs of pain or discomfort, tumour size exceeding 15 mm in any direction), the mice were killed by CO 2 .
Power analyses with α = .05 and 1−β = .90 using an estimated effect size of 1 (based on previous studies) yielded a minimum necessary sample size of 8 animals per treatment group.
| Tumour xenograft regression model
Tumour xenografts were induced by subcutaneous injection of 10 6 KYSE-410 cells into both flanks of the mice. After the injection, the tumour growth was assessed every second day, and the mice were randomized to the treatment groups placebo (nude mice standard chow with chocolate flavour), dichloroacetate, 4-MU, and dichloroacetate + 4-MU when the tumour volume reached at least with the formula Height × Length × Depth × 0.5. Dichloroacetate was added to the drinking water at a concentration of 0.3 g·L −1 . Measurement of the volume of water consumed showed that the amount of dichloroacetate administered to each mouse was approximately equal to 50 mg·kg −1 body weight·day −1 . Here, we used a dichloroacetate dose that is established in the literature showing considerable effects on tumour growth in nude mouse xenograft models (Table S4 ). As in the in vitro experiments, we have chosen a dose of the lower range of published doses (Ishiguro, Ishiguro, Ishiguro, & Iwai, 2012; Ohashi et al., 2013) . This dose was also used in clinical studies (Michelakis et al., 2010) . 4-MU (AlfaAesar, ThermoFisher) was pelleted into the chow at a concentration of 50 g·kg −1 (ssniff, Soest, Germany), which corresponds to a dose of 10 g·kg −1 body weight·day −1 . The 4-MU dose used here was first established by our group in a cardiovascular mouse model, in which the resulting plasma levels of 4MU (600 nM in blood plasma of mice) and the inhibition of HA synthesis were verified (Nagy et al., 2010) . In two subsequent studies, our group confirmed the efficacy of this dose to inhibit tumour growth (Twarock et al., 2011; Twarock et al., 2017) .
After the start of the treatment, the tumour growth was assessed every fifth day up to 60 days. At the end of the experiment, the mice were killed, and the tumours were excised and embedded for immunostaining. The mice had open access to food and pathogen-free water and were kept at a 12-hr day/night rhythm. All animal experiments were approved by the local animal facility and the responsible animal protection authority.
| HA assay
Cells were plated in 12-well dishes on glass cover slides and grown to 50% confluence. Next, the cells were incubated with dichloroacetate for 72 hr and fixed. HA was visualized using 1:200 biotinylated HAbinding protein (385911; Calbiochem, San Diego, USA) and 1:1,000
Streptavidin-Cy3 (SA1010; Invitrogen, Carlsbad, USA) in PBS. Nuclei were stained with Hoechst 33342 (H3570; Invitrogen). The HA deposition was calculated as integrated density and normalized to nuclei count using Fiji (Fiji, RRID:SCR_002285; Schindelin et al., 2012) . HA content of the supernatant was measured after 72 hr by an ELISA-like immunoaffinity assay (Corgenix, Broomfield, USA). Concentrations were normalized to protein content measured by Bradford assay.
| Quantitative real-time PCR
Total RNA was isolated after 72 hr of dichloroacetate treatment, and cDNA was synthesized from 1-μg RNA as described previously (Twarock, Tammi, Savani, & Fischer, 2010) . The PCR reactions were performed according to standard procedures with SYBR Green PCR Master Mix (Applied Biosystems, Waltham, MA, USA). Relative expression levels were compared by using real-time PCR with the 2 −ΔΔCt method. Primer sequences are given in Table S1 .
| Quantification of metabolites
Intracellular acetyl-CoA and G6P were quantified using a colorimetric assay (Sigma) and normalized to total protein content. The ATP citrate lyase inhibitor SB-204990 (TOCRIS, Bristol, UK) was used as a negative control for the acetyl-CoA quantification. Fluorophore-assisted carbohydrate electrophoresis (FACE) was used to quantify intracellular (UDP)-sugars and executed as described previously (Twarock et al., 2017) . Signal intensities were quantified by the Software Vision Works (Analytik Jena, Jena, Germany) and normalized to DNA content determined by Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen).
| Real-time metabolism analysis
Oxygen consumption rate and extracellular acidification rate were measured by using a Seahorse XFe96 (Agilent Technologies, Santa Clara, USA) according to the manufacturer's instructions. Briefly, 12 × 10 3 KYSE-410 cells were seeded in an XFe96 well plate in standard cell culture medium 1 day in advance. On the day of analysis, the medium was changed to non-buffered RPMI-1640 supplemented with 10-mM glucose and 2-mM glutamine and incubated at 37°C without CO 2 for 1 hr. dichloroacetate was injected, and the cells were incubated for 15 min. Mitochondrial respiration was measured by XF Mito Stress Test Kit, and glycolysis was analysed by Glycolysis Rate Assay Kit (Agilent Technologies).
| Cell viability and apoptosis analysis
Cell viability and apoptosis were analysed by three different methods: living cell count, Annexin V-FITC binding, and cleaved PARP immunoblots. For cell count analysis, 3 × 10 4 cells were seeded per 12-well and incubated with the indicated amount of dichloroacetate and/or 4-MU and counted every 24 hr for 3 days. Annexin V (A13199; Invitrogen) binding to apoptotic cells was analysed at Day 3 by flow cytometry as previously described (Grandoch et al., 2009) . For immunoblotting, at Day 3, cell extracts were separated by 10% SDS-PAGE and transferred to a nitrocellulose membrane by the semi-dry method.
It was then incubated with 1:1,000 rabbit anti-cleaved-PARP antibody (Cell Signaling Technology Cat# v9532, RRID:AB_659884; Danvers, USA) in 2.5% BSA in TBS-T and visualized by 1:10,000 RDye 800CW Goat anti-Rabbit (926-32211; Li-COR Bioscience, Lincoln, USA). The signal intensity was quantified and normalized to mouse anti-β-tubulin (Sigma-Aldrich Cat# T7816, RRID:AB_261770) concentration.
| Quantification of O-GlcNAcylation
The amount of O-GlcNAcylated proteins was analysed by immunoblot and immunostaining. To this purpose, cells were incubated with dichloroacetate for 3 days, harvested in 2× Laemmli buffer, and proteins were separated by an 8% SDS-PAGE. After semi-dry transfer, the membrane was incubated with 1:1,000 mouse anti-O-GlcNAc antibody (Abcam Cat# ab2739, RRID:AB_303264, Cambridge, UK) in PBS followed by 1:1,000 goat anti-mouse AlexaFluor488 (A-11029; ThermoFischer) staining. Quantified protein content was normalized to tubulin concentration. The same antibody was used for immunostaining: The cells were grown on glass slides and fixed with 4% formalin. Next, the cells were permeabilized and blocked by 10% FBS, 0.3-M glycerine, 1% BSA, and 0.1% Triton X-100 in PBS. The cells were then incubated with the O-GlcNAc antibody and Hoechst.
O-GlcNAc staining was analysed by Fiji and normalized to nuclei count. The O-GlcNAc transferase inhibitor alloxan (10 mM, Sigma) was used as negative control (Konrad et al., 2002) .
| Gene silencing
The 1 × 10 5 cells were reversely transfected with siRNA or scrambled control siRNA (Qiagen, Hilden, Germany) using lipofectamine RNAiMaxx (ThermoFisher) according to manufacturer's instructions.
The following siRNAs were used (gene of interest, Qiagen order num- 
| 3D spheroid model
A multicellular tumour spheroid model was used to mimic threedimensional growth: 5,000 KYSE-410 cells were planted in a round bottom 96-well BRAND microplate (Brand, Wertheim, Germany) and centrifuged for 10 min at 600× g. After 4-day incubation time, the spheroids were treated with 20-mM dichloroacetate and/or 300-μM 4-MU for 10 days. At Days 0, 3, 7, and 10 of treatment, pictures were taken with a Zeiss AxioObserverZ.1, and the diameter was measured using AxioVision Software (AxioVision, RRID:SCR_002677, Carl Zeiss, Oberkochen, Germany). The volume was calculated from the diameter with the formula V = 1/6 × π × d 3 . The medium was changed at the same time points.
| Living cell toxicity assay of 3D cultures
At Day 10, spheroids were stained with either 3-μM ethidium homodimer 1 (46043; Sigma), 2-μM calcein AM (206700; Calbiochem), and 33-μM Hoechst 33342 or with 1:100 CellEvent Caspase-3/ 7Green Detection Reagent (C10423; Life Technologies) in combination with Hoechst as described previously (Sirenko et al., 2015) . All dyes were directly added to 100-μl RPMI culture media without washing and incubated for 3 hr at 4°C.
| Immunostaining
Tumour cryosections (8 μm) were fixed with 10% formalin. Targets stained comprise 1:200 HA (HA binding protein [HAbP]), 1:200 cytokeratin 18 (CK18; guinea pig anti-CK18; GP-CK18; Progen, Heidelberg, Germany), 1:1,000 Ki67 (rabbit anti-Ki67; NB500-170;
Novus, Littleton, USA), and 1:1,000 CD31 (Abcam Cat# ab7388, RRID:AB_305905). Click-it Plus TUNEL assay (C10617; ThermoFisher) was used to determine apoptotic cells according to manufacturer's instructions. Nuclei were counterstained by Hoechst. Staining was quantified by Fiji software. Five random images were selected from each tumour section and were averaged as one n.
| Randomization and blinding
In the in vivo experiments, the animals were randomized to either treatment group. After the tumours of the mice were harvested, the created histological slides were numbered, and the analysis was performed under blinded conditions. In vitro experiments regarding microscopic imaging were also carried out in a blinded manner. Other in vitro experiments were not conducted under blind conditions, but raw data were acquired directly from the experimental procedures and analysed through standardized procedures that reduce any possible operator bias. 
| Data and statistical analysis
| Materials
If not noted otherwise, all reagents and chemicals were obtained from Sigma (St. Louis, MO, USA). Dichloroacetate and 4-MU doses used for the in vitro and in vivo experiments in this study are based on studies using these compounds in monotherapy and in combination with other drugs. These studies are summarized in Tables S3-S6 (dichloroacetate   in vitro studies, Table S3 ; dichloroacetate in vivo studies, Table S4 ; 4-MU in vitro studies, Table S5 ; and 4-MU in vivo studies, Table S6 ).
| Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al., 2018) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al., 2017) .
| Treatment with dichloroacetate triggers HA matrix synthesis
In this study, we aimed at the identification of strategies that synergistically enhance the efficacy of metabolic cancer treatments. Specifically, we chose dichloroacetate as a prototypical drug as it represents the most advanced approach exploiting aerobic glycolytic metabolism in cancer cells. Oesophageal cancer was selected as a model tumour entity since it presents with a poor prognosis and few treatment options (Enzinger & Mayer, 2003) ; in addition, we and others identified HA in the tumour micro-environment of oesophageal squamous cancer cells as a pivotal factor of tumour progression (Lin, Karakasheva, Hicks, Bass, & Rustgi, 2016; Twarock et al., 2011) .
As a premise for further investigations, we first evaluated the influence of dichloroacetate treatment on the HA matrix system. Thus, we quantified the extracellular and pericellular HA content and determined the transcriptional regulation of pivotal genes of the HA matrix system in the ESCC cell line KYSE-410 in response to dichloroacetate.
In this study, we used dichloroacetate concentrations of 10, 20, and 40 mM for the cell culture experiments as this range showed a dose-dependent reduction on the cell growth of KYSE-410 cells in preliminary experiments ( Figure S1 ) and is also found in the literature (Kankotia & Stacpoole, 2014) . On the product level, we measured HA concentrations in the cell supernatant by an ELISA-like assay (Figure 1a) and pericellular HA deposition by affinity-histological stainings, both using HAbP (Figure 1b ). We observed a dose-dependent increase in both assays indicating enhanced HA deposition in response to dichloroacetate treatment. Quantitative PCR analyses of the main genes of the HA matrix system consistently revealed an up-regulation of the HAS 2 and 3 (HAS2,3; Figure 1c ), the hyaluronidases 1 and 2 (HYAL1,2; Figure 1d ), and the HA receptors RHAMM and CD44 ( Figure 1e ). As an up-regulated HA matrix can exhibit a strong antiapoptotic activity, this observation might provide a basis for cellular resistance against dichloroacetate and was thus further scrutinized in the following experiments.
| Reconstitution of mitochondrial function by dichloroacetate activates HA synthesis via an increase in HA precursor pool and O-GlcNAcylation
In order to identify the underlying mechanism of elevated HA synthesis following dichloroacetate treatment, we first validated the effects of dichloroacetate on aerobic glycolysis (Figure 2a ) and ATP production ( Figure 2b ). Complete curves of mitochondrial respiration and glycolytic activity are shown in Figure S2 . We observed a dosedependent decline in glycolysis accompanied by a rise in intracellular ATP levels indicating activation of mitochondria-bound OXPHOS.
HPLC measurements confirmed these findings ( Figure S3 ). Pyruvate concentrations did not significantly change under these conditions, which is compatible with a shift in pyruvate usage from lactate generation to OXPHOS ( Figure S3B ). In response to dichloroacetate treatment, the early glucose metabolite G6P, a key HA precursor molecule, increased in a dose-dependent manner ( Figure 2C ). However, FACE analysis showed that the downstream metabolite UDP-glucose, which is subsequently converted to UDP-glucuronic acid and finally integrated into the growing HA chain, did not increase with dichloroacetate stimulation (Figures 2d and S4 ). This finding may indicate a rapid metabolization and usage of this precursor in HA synthesis. A schematic overview of the suggested pathway is shown in Figure 2j ). This finding delineates an additional mechanism accountable for elevated HAS resulting from restored OXPHOS activity triggered by dichloroacetate.
| Inhibition of HA synthesis synergistically enhances apoptosis and tumour growth suppression by dichloroacetate in 2D cell culture
The OXPHOS restoring agent dichloroacetate and the HA synthesis inhibitor 4-MU both showed a suppressing effect on the growth of cultured ESCC within 3 days. However, only the combination treatment was able to decrease the cell count (Figure 4a ). We used the Software CompuSyn to identify synergistic combinations of dichloroacetate and 4-MU concentrations. For the combination of a mid-range concentration of 20-mM dichloroacetate with 300-μM 4-MU, which is shown in Figure 4a , the CI value was calculated as 0.65545 denoting synergism for this combination (Table S2 ). Flow cytometry measurements for Annexin V + cells (Figure 4b ) and immunoblots for PARP cleavage (Figure 4c ) revealed that this effect was caused by an induction of apoptosis. In a next step, we aimed to identify the role of key parts of the HA system for mediating the synergistic enhancement of dichloroacetate by 4-MU. Therefore, we also performed growth experiments with cells that were treated with siRNAs against both HA receptors RHAMM and CD44 and HAS3, which is the main HAS isoform in the ESCC cells used in this project (Twarock et al., 2017) . The knockdown of HAS3 resembled the effects of 4-MU in showing a substantial impairment of tumour cell growth that was, by trend, even more pronounced in combination with dichloroacetate. The knockdown of the HA receptors had a much weaker effect on cell growth, but this effect was strongly increased by addition of dichloroacetate (Figure 4d ). These results indicate that interference with various components of the HA system, which is triggered by dichloroacetate treatment, result in a synergistic improvement of the anticancer actions of dichloroacetate.
| Combination treatment induces apoptosis and shrinkage of tumour spheroids
It has been reported that dichloroacetate shows different effectivity in vivo and in cell culture experiments (Papandreou, Goliasova, & Denko, 2011) . This observation may be connected to the fact that tumour metabolism is significantly modulated by oxygen availability, which alters with the growth of the tumour. In addition, also the ECM changes in response to the spatial interaction of the embedded cells. To consider these characteristics of a developing tumour, we established a 3D tumour spheroid model to investigate the interaction FIGURE 1 Dichloroacetate up-regulates the hyaluronan matrix in oesophageal cancer cells on the product and transcriptional levels. KYSE-410 were incubated with 10-, 20-, 40-mM dichloroacetate (DCA) for 72 hr and analysed for their hyaluronan (HA) content and expression of genes relevant to HA synthesis, degradation, and signalling. (a) HA concentration in the medium was measured by an ELISA-like immunoaffinity assay and normalized to protein content (n = 6). (b) Pericellular HA deposition (red) was stained by HA binding protein (HAbP), and its integrated density (IntDent) was normalized to nuclei (Hoechst, blue) count (n = 7, each n represents a pooled analysis of five replicates). Representative images are shown, scale bar: 100 μm. Gene expression of (c) HA synthases (HAS2,3) and (d) hyaluronidases (HYAL1,2) and (e) HA receptors RHAMM and CD44 were determined and normalized to respective controls (n = 7). Data shown are means ± SD. *P < .05, significantly different from control (0-mM DCA); one-way ANOVA.
FIGURE 2 Dichloroacetate (DCA) switches the tumour cells to OXPHOS resulting in increased hyaluronan precursors and protein O-GlcNAcylation. Real-time metabolism analysis by Seahorse XFe96 with (a) Glycolysis Rate Assay Kit and (b) Mitochondrial Stress Test Kit was used to measure the acute response of KYSE-410 cells to dichloroacetate stimulation. Cells were seeded into Seahorse plates, and dichloroacetate was injected and incubated for 15 min before analysis was started. Extracellular acidification rate (ECAR) represents the amount of glycolysis, and oxygen consumption rate (OCR) defines the amount of mitochondrial respiration of 12 × 10 3 cells per well (each n represents a pooled analysis of four replicates). (c) Glucose 6-phosphate concentration was measured after dichloroacetate incubation of 3 days by colorimetric analysis. (d) The hyaluronan (HA) precursor UDP-glucose/galactose was quantified by fluorophore-assisted carbohydrate electrophoresis (FACE) and normalized to total DNA content. UDP-sugars were isolated from KYSE-410 by ENVI-Carb columns. (e) Acetyl-CoA concentration was measured by colorimetry. (f) SB204990 inhibits the export of acetyl-CoA from the mitochondria to the cytosol and was used to abolish the effects of dichloroacetate on acetyl-CoA synthesis. (g) The HA precursor N-acetylglucosamine was isolated and determined by FACE analysis. (h) HA concentration in the medium after inhibition of acetyl-CoA shuttling with SB204990 was measured by an ELISA-like immunoaffinity assay. GlcNAcylation of proteins was quantified by (i) western blot analysis and (j) immunostaining (O-GlcNAcylation, green; nucleus, blue). The O-GlcNAc transferase (OGT) inhibitor alloxan was used as a negative control. (a-i) n = 6. (j) Representative images are shown, scale bar: 20 μm (n = 8, each n represents a pooled analysis of five replicates). Data shown are means ± SD. *P < .05, significantly different from control (0-mM DCA) or as indicated; one-way ANOVA.
between metabolism and ECM in this setting and to determine the effect of dichloroacetate and 4-MU during this process. Quantitative PCR analyses showed that indeed two of the major enzymes supporting the Warburg Effect, that is, PDK 1 (PDK1) and LDH A (LDHA), showed a strong transcriptional induction compared to 2D culture indicating an increase in aerobic glycolysis under these conditions. Simultaneously, also, the mRNA expression of the main HA synthase (HAS3) in the examined cells was strongly increased. This may be attributable to the demanding scaffolding needs for threedimensional growth (Figure 5a ). Given the augmented activity of both systems in this set-up, we investigated whether the combination of dichloroacetate and 4-MU is also effectively inducing apoptosis under 3D conditions. In line with our earlier findings, the combination of dichloroacetate and 4-MU resulted not only in growth inhibition, as observed with the monotherapies, but caused a pronounced decrease in spheroid volume below start size (Figure 5b Glucose is taken up by the glucose transporters (e.g., GLUT1) and further metabolized in the glycolysis. For energy production, pyruvate is shuttled to the mitochondria via the mitochondrial pyruvate carrier (MPC) where it is converted to acetyl-CoA by the pyruvate dehydrogenase complex (PDC), whose activity is regulated by pyruvate dehydrogenase kinase (PDK). Acetyl-CoA is then further consumed in the tricarboxylic acid cycle (TCA) to fuel ATP synthesis. In most cancer cells, this pathway is aberrant due to an up-regulation of PDK leading to an inhibition of PDC activity. This switch is characteristic for hypoxic conditions but is regularly found also in the presence of oxygen in tumour cells (Warburg effect) . Under these circumstances, pyruvate is reduced to lactate, which is exported by monocarboxylate transporters (e.g., MCT1). Restoration of mitochondrial oxidative phosphorylation (OXPHOS) by the PDK inhibitor dichloroacetate (DCA) yields an increased amount of acetyl-CoA in the mitochondria, which is also shuttled to the cytosol under involvement of the citrate carrier (CiC) and the ATP-citrate lyase (CL). A reactivation of mitochondrial metabolism in tumour cells has been connected to the induction of caspase-dependent apoptosis. Our study reveals that this process also yields an increase in the hyaluronan (HA) synthesis precursors glucose 6-phosphate and N-acetyl-glucosamine. The latter also triggers the O-GlcNAc transferase (OGT) mediating GlcNAcylation of proteins (e.g., hyaluronan synthase [HAS]). These processes result in a pronounced increase of the extracellular matrix compound HA that inhibits apoptosis via its receptors CD44 and RHAMM. HA synthesis can be blocked by 4methylumbelliferone (4-MU), thus providing a countermeasure for this antiapoptotic counter-regulation. GFAT, glutamine:fructose-6-phosphate aminotransferase; GNAT, acetyl-CoA:D-glucosamine N-acetyltransferase; UGT, UDP-glucuronyltransferase strong overexpression of HAS3 in 3D culture (Figures 5, S6B, and   S7A,B) . The induction of cell death with dichloroacetate and 4-MU or siRHAMM, siCD44, and siHAS3 was validated by an APH assay ( Figure S8A,B ).
| Validation of the efficacy of the combination therapy in a nude mouse tumour xenograft regression model
To confirm our findings in vivo, we used a nude mouse tumour xenograft regression model. On Day 60, all treatments caused a significant reduction in tumour volume compared to the placebo control. However, only the combination treatment resulted in a sustained growth arrest of the tumour xenografts and in macroscopically detectable destruction of tumour tissue. In this group, the tumour volume was also significantly reduced in comparison to the monotherapies with dichloroacetate and 4-MU (Figure 6a ). In line with the in vitro experiments (Figure 1a,b) , histological stainings for HA (HAbP) and tumour cells (CK18) yielded an increase in HA deposition in the dichloroacetate treated group that was abolished in the 4-MU treated groups (Figure 6b ). In order to detect the basis for the impeded xenograft growth in the treatment groups, we stained the tumour sections for the proliferation marker Ki67 (Figure 6c ) and the endothelial cell marker CD31 (Figure 6d ). Proliferating cells were diminished most in response to the combination treatment while the monotherapies also decreased the number of proliferating cells. Only dichloroacetate and dichloroacetate/4-MU resulted in a significant reduction of CD31 positive vessels. However, also, 4-MU treatment showed a similar tendency. Apoptotic cells were visualized by TUNEL staining (Figure 6e) . Intriguingly, only the FIGURE 4 Dichloroacetate (DCA) in combination with 4-methylumbelliferone (4-MU) leads to reduced cell growth and apoptosis induction in oesophageal squamous cell carcinoma cells. (a) Cells were incubated with 20-mM dichloroacetate and/or 300-μM 4-MU and counted daily for 3 days (n = 7). After a 3-days of exposure to single or combination therapy, cells were collected for (b) FACS of annexin-positive cells (n = 6) and (c) immunoblot of cleaved PARP (cPARP). cPARP was normalized to total PARP (tPARP). A typical immunoblot for seven individual experiments is shown. Staurosporine (400 μM) was used as a positive control (n = 7). (d) Cell numbers were determined 3 days after gene knockdown by siRNA for hyaluronan receptors RHAMM and CD44 and hyaluronan synthase (HAS) isotype HAS3 (n = 7). Data shown are means ± SD. *P < .05, significantly different from control or 0-mM DCA or as indicated; # P < .05, significantly different from scrambled control; § P < .05, significantly different from only siRNA treatment, one-way ANOVA.
combination treatment caused a pronounced increase in apoptotic cells. The therapy was well tolerated in all treatment groups. Taken together, these experiments show that the combination of dichloroacetate and 4-MU may be a safe and effective treatment option for oesophageal cancer in vivo.
| DISCUSSION
This study provided a deeper insight into the close connection between tumour metabolism and ECM regulation. It demonstrated that reconstitution of mitochondrial OXPHOS and subsequent changes in the cellular glucose flux were metabolically coupled to the antiapoptotic HA system. This observation presents a new mechanism for resistance to metabolic anticancer therapies targeting the Warburg effect. This process may be further aggravated by the strong transcriptional activation of both aerobic glycolysis and HAS under threedimensional growth, as observed in this study. To overcome this metabolic counter-regulation, we tested pharmacological inhibition of the HA matrix synthesis by the low MW compound 4-MU in combination with dichloroacetate treatment, which indeed caused increased apoptosis, eventually leading to synergistically enhanced anti-tumour effects in vitro and in vivo.
In detail, we describe two mechanisms that increase the HA synthesis when mitochondrial OXPHOS is restored by dichloroacetate.
First, the G6P precursor pool is increased, thus providing more fuel for the synthesis of UDP-glucuronic acid, one of the two substrates for HA synthesis used by the HAS enzymes. This is in line with earlier reports in muscle cells showing that dichloroacetate inhibits glycolysis by an unknown mechanism resulting in an increase of G6P in this cell type (Clark et al., 1987) . This observation may be explained by the inhibition of phosphofructokinase II via O-GlcNAcylation and is further discussed below. Second, activation of the PDC yielded a pronounced increase in mitochondrial acetyl-CoA that fuels OXPHOS but is also shuttled to the cytosol, where it serves as a cofactor for the synthesis of GlcNAc, which is the second substrate for HA synthesis.
In this context, it is noteworthy that HA is exclusively synthesized from these two early glucose metabolites. Accordingly, substrate availability directly correlates with the extent of HA synthesis (Tammi et al., 2011) . For instance, UDP-sugar accumulation has been shown to enhance HA synthesis in breast cancer . Interestingly, the synthesis of other glycosaminoglycans is modulated by UDP-GlcNAc availability, thus extending the effect of our findings beyond regulation of HA synthesis (Vigetti et al., 2012) . One remarkable observation in our experiments is that we detected a rise in G6P and UDP-GlcNAc levels under dichloroacetate treatment but no increase in UDP-glucuronic acid. This may be caused by a rapid use of this immediate precursor for HA synthesis due to a high activity of the HAS enzymes triggered by the mechanisms discussed below.
In addition to providing fuel for HA synthesis, UDP-GlcNAc also holds the potential to induce HA synthesis by post-translational mechanisms (Moretto et al., 2015) : poor outcome (Tiainen et al., 2016) . Specifically for HAS3, the predominant isoform in the ESCC cell line used in our study, it has been reported that cytosolic levels of UDP-GlcUA and UDP-GlcNAc regulate its activity by orchestrating the shuttling of this isoform from
Golgi to the plasma membrane and facilitating its O-GlcNAcylation in melanoma cells (Deen et al., 2016) . However, this study is the first to describe a connection between mitochondrial acetyl-CoA synthesis, UDP-GlcNAc levels, and HA matrix augmentation. To prove the link of mitochondrial activity and increased cytosolic GlcNAc levels, we used the ATP citrate-lyase inhibitor SB-204990, which inhibits the cytosolic conversion of citrate to acetyl-CoA, thus prohibiting the shuttling of acetyl-CoA from mitochondria to the cytosol (Pearce et al., 1998) . This experiment shows that mitochondria-dependent acetyl-CoA synthesis is an important step for the induction of HA synthesis via increased
GlcNAc concentration under restored Krebs cycle activity.
Recently, these and other roles of O-GlcNAcylation as a nutrientdependent regulator of cell functions have been summarised in a comprehensive review (Hart, 2019) . The concentration of UDP-GlcNAc is a highly responsive sensor for the availability and flux of nutrients through major metabolic pathways and the activity of hexosamine bio- (Fardini, Dehennaut, Lefebvre, & Issad, 2013) . As elevated O-GlcNAcylation has been reported in many cancer entities (Slawson & Hart, 2011) , the increase of this process by dichloroacetate, which we report here, should be further explored in further studies to determine whether this may represent a negative dichloroacetate side effect, independent of HA elevation.
In addition to the effects of our findings on tumour cells, the induction of HA and GlcNAc levels by dichloroacetate may also contribute to its restorative effects on cellular stress, by regulation of cellular homeostasis. For instance, dichloroacetate has been proposed as a metabolic therapy for myocardial ischaemia and failure by facilitating aerobic oxidation of carbohydrates of fatty acids (Bersin & Stacpoole, 1997 ), a concept that has been assessed in several studies. These protective effects may be also dependent on increased O-GlcNAcylation, as discussed above, or on increased HA synthesis, as this process has been linked to inhibition of apoptosis. In support of this thesis, HA was recently found to promote healing after ischaemia-reperfusion injury (Petz et al., 2019) . These considerations could also apply to other conditions such as septic shock (McCall et al., 2018) , diabetes mellitus, and hyperlipoproteinaemia (Stacpoole et al., 1978) , as well as pulmonary arterial hypertension and other diseases (James et al., 2017) . Thus, the mechanisms elucidated in our study may also have long-term consequences on cellular processes beyond HA matrix regulation.
In addition to the observed metabolic stimulation of HA synthesis via an elevated supply of precursors and post-translational activation by GlcNAcylation, transcriptional changes were also involved in increasing HA synthesis following dichloroacetate treatment. We detected a strong dose-dependent up-regulation of the vital genes involved in HAS (HAS2-3), catabolism (HYAL1,2), and signalling (CD44, RHAMM). This effect may either be attributable to a positive transcriptional feedback loop that has been described (Tammi et al., 2011) or to a direct influence of the metabolic changes under dichloroacetate treatment on the respective gene promoters. Little is known about metabolic effects on HAS transcription but, in human smooth muscle cells, a drop in energy homeostasis causes a decline in HAS2 expression via AMP kinase .
This study also provides an explanation for the paradoxical observation that dichloroacetate was more active in vivo than in vitro in some experimental setups (Papandreou et al., 2011) . The comparison of 2D and 3D cell cultures showed strong up-regulation of PDK1
and LDHA when grown as spheroids indicating that these systems are more active in this model, which better correlates to in vivo growth. This observation is in line with the fact that multicellular tumour spheroids are thought to be a better model for the hypoxia found in solid tumours, a condition that is linked to activation of aerobic glycolysis (Riffle & Hegde, 2017) . In addition, we show for the first time that three-dimensional growth also causes strong transcriptional induction of HAS3. This may be the result of increased scaffolding needs but is likely also to present an important survival factor in advanced carcinogenesis. Indeed, only the targeting of both systems with the combination of dichloroacetate and 4-MU caused shrinkage of the tumour spheroids below their initial size. Our data suggest that the induction of the antiapoptotic HA matrix may be intrinsic to the mechanism of action of drugs that restore OXPHOS in cancer cells.
In our study, we first characterized a counter-regulatory mechanism involving a metabolic link between OXPHOS and elevated synthesis of the ECM compound HA. In a next step, we specifically targeted this rescue mechanism by abolishing the activity of the antiapoptotic HA system, which yielded a pronounced synergistic action of dichloroacetate and 4-MU. In contrast to most of the published studies on dichloroacetate combination therapies, we used a tumour xenograft regression model, which reflects the clinical situation more appropriately in that treatment starts after a defined tumour volume is detected. Of note, also under this condition, we found a sustained inhibition of tumour growth with a marked induction of apoptosis in the tumour tissue.
A limitation of this study is that our results have been produced using one tumour cell line. However, as summarized in Tables S3 and   S4 , the effects of dichloroacetate on mitochondria reactivation and subsequent tumour growth inhibition have been shown in a wide variety of tumour models in vitro and in vivo. As restored mitochondrial activity is most likely to result in elevated acetyl-CoA production in general, we propose that the mechanism described here may also be valid for other cell types. Given that 4-MU was also reported to inhibit HAS, and consequently tumour growth, in a wide variety of tumour cells types (as summarised in Tables S5 and S6) , it can be assumed that it would exhibit the same synergism with dichloroacetate as reported here in other cell types. Nevertheless, this assumption should be tested with other tumour entities and in other models.
This study shows that the metabolic changes induced by reactivation of mitochondrial OXPHOS result in a pronounced activation of HA matrix generation by an increase of the HA precursor pool and O-GlcNAcylation, which in turn supports the survival of the tumour cells. This process can be inhibited by the orally available HAS inhibitor 4-MU, which yielded strong synergistic actions with dichloroacetate in vitro and in vivo. As the resistance mechanism described in this study is likely to be inherent in therapies targeting the Warburg effect, 4-MU may also be a promising synergistic partner for these metabolic anticancer therapies as well. As 4-MU is approved for human use in many countries, the results of this study should be applicable to new clinical studies testing the therapeutic value of this combination for metabolic anticancer therapy. These findings provide the basis for further research on the effects of tumour metabolism on the tumour micro-environment and for testing this combination in clinical studies. 
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